Individual variation in drug metabolism is a major cause of unpredictable side effects during therapy. Drug metabolism is controlled by a class of orphan nuclear receptors (NRs), which regulate expression of genes such as CYP (cytochrome)3A4 and MDR-1 (multi-drug resistance-1), that are involved in this process. We have found that xenobiotic-mediated induction of CYP3A4 and MDR-1 gene transcription was inhibited by ketoconazole, a commonly used antifungal drug. Ketoconazole mediated its effect by inhibiting the activation of NRs, human pregnenolone X receptor and constitutive androstene receptor, involved in regulation of CYP3A4 and MDR-1. The effect of ketoconazole was specific to the group of NRs that control xenobiotic metabolism. Ketoconazole disrupted the interaction of the xenobiotic receptor PXR with the co-activator steroid receptor co-activator-1. Ketoconazole treatment resulted in delayed metabolism of tribromoethanol anesthetic in mice, which was correlated to the inhibition of PXR activation and downmodulation of cyp3a11 and mdr-1 genes and proteins. These studies demonstrate for the first time that ketoconazole represses the coordinated activation of genes involved in drug metabolism, by blocking activation of a specific subset of NRs. Our results suggest that ketoconazole can be used as a pan-antagonist of NRs involved in xenobiotic metabolism in vivo, which may lead to novel strategies that improve drug effect and tolerance.
Introduction
Individual variation in drug metabolism is one of the major causes of treatment failures during cancer therapy (Undevia et al., 2005) . Understanding the expression and activity of enzymes involved in metabolism and biotransformation may lead to the development of novel strategies to regulate this process. The expression of genes encoding the drug metabolizing enzymes is tightly and coordinately regulated at the level of transcription by the action of orphan nuclear receptors (NRs) (Kliewer et al., 2002; Sonoda et al., 2003; Eloranta et al., 2005) . NRs (e.g., pregnenolone X receptor, PXR; constitutive androstene receptor, CAR) controlling drug metabolism belong to a superfamily of a number of closely related ligand-dependent and -independent transcription factors (Blumberg et al., 1998; Wei et al., 2000; Handschin and Meyer, 2005) . These transcription factors are characterized by a C-terminal ligand binding domain and an N-terminal zinc-finger DNA binding domain. Their ligands are small endobiotic lipophilic compounds (e.g., bile acids, fatty acids) as well as larger xenobiotic compounds that infrequently act as inducers or activators (e.g., rifampicin and phenobarbital that activate hPXR and hCAR, respectively) and sometimes as repressors (e.g., highly chlorinated polychlorinated biphenyls that inhibit hPXR) of these NRs (Blumberg et al., 1998; Wei et al., 2000; Xie et al., 2003; Tabb et al., 2004; Handschin and Meyer, 2005) . It is important to note that there is a cross-talk in receptor-mediated gene transcription by PXR, CAR and farnesol X receptor (FXR) (Xie et al., 2000; Wei et al., 2002; Gnerre et al., 2004) . For example, all three NRs mediate CYP (cytochrome)3A4 transcription and in the absence of one or more receptors the other may maintain transcriptional homeostasis.
We have previously demonstrated that microtubulebinding drugs serve as activating ligands of hPXR (22) and others have shown that a variety of xenobiotics activate CAR and FXR. All these agents combine to activate genes involved in drug metabolism (e.g., CYP3A4 and CYP2B6) and transport (e.g., MDR-1 (multi-drug resistance-1)) (Synold et al., 2001; Evans, 2005; Handschin and Meyer, 2005; Mani et al., 2005) . As patients are generally administered multiple drugs at any given time, it is difficult to predict the net transcriptional outcome and resultant effects on drug pharmacokinetics and pharmacodynamics. Therefore, finding pan-antagonists for PXR, CAR and FXR could provide a unique tool to control drug metabolism. As a prototype for pan-antagonist, we have analysed the effect of ketoconazole. It has been demonstrated previously that ketoconazole inhibits corticosteroidmediated hPXR activation and the interaction of silencing mediator of retinoid and thyroid hormone receptor (SMRT) (co-repressor) and steroid receptor coactivator-1 (SRC-1) (co-activator) with hPXR (Takeshita et al., 2002) . Additionally, it has been established that ketoconazole inhibits the glucocorticoid receptor (Loose et al., 1983; Pascussi et al., 2001) . However, the effect of ketoconazole on other NRs is largely unknown. Furthermore, even though ketoconazole blocks coregulator interactions, additional mechanisms may be involved at the receptor level. More importantly, it is unclear whether blocking NR activation by ketoconazole has any significant effect on drug metabolism in vivo.
In this report, we found that ketoconazole is a general inhibitor of activated PXR, CAR, liver activated receptor (LXR) and FXR. In addition, analysis of the molecular mechanism of inhibition of gene transcription demonstrated that ketoconazole specifically disrupts the interaction of NRs with co-regulators and does not affect DNA binding, ligand binding or receptor dimerization. Finally, we have demonstrated, for the first time, that ketoconazole can be used to control drug metabolism by utilizing in vivo mouse models.
Results
Ketoconazole inhibits rifampicin-and paclitaxel-mediated transcriptional activation of CYP3A4 and MDR-1 genes in cell culture To determine the effect of ketoconazole on xenobioticmediated transcription of CYP3A4 and MDR-1, we used HepG2 hepatocarcinoma cells, primary human hepatocytes and LS174T colon carcinoma cell lines. In HepG2 cells, rifampicin and paclitaxel induced 12.9-and 10.1-fold increases in CYP3A4 mRNA expression, (f, g) Ketoconazole does not inhibit the activation of PPARg or ERa. Transient transcription assays were carried out in CV-1 cells cotransfected with Gal4DB-PPARg-LBD and Tk-MH100 Â 4-luc (f) or Gal4DB-ERa-LBD and Tk-MH100 Â 4-luc (g). In all transient transcription assays indicated, plasmids and pSV-b-galactosidase control vector were co-transfected for 24 h. Subsequently, the cells were treated with drug(s) as indicated. All transfections were normalized for transfection efficiency using pSV-b-galactosidase in the presence or absence of drug(s) as indicated. The cells were harvested in equal aliquots at 24 h post-drug treatment for luciferase and b-galactosidase assays (for details, see Materials and methods). All experiments were carried out at least thrice in triplicate. Columns, mean; bars, s.e.m. respectively. This stimulation was largely eliminated by addition of ketoconazole, even though ketoconazole alone slightly increased basal level transcription ( Figure 1a) . Similar results were obtained in human hepatocytes (Figure 1b) .
We demonstrated that the effect of ketoconazole was reflected in steady-state protein levels. Immunoblot analysis using antibodies to CYP3A4 protein indicated that both paclitaxel and rifampicin significantly increased CYP3A4 protein levels ( Figure 1c) . As for mRNA, ketoconazole blocked protein induction to basal levels.
Effect of ketoconazole was also assessed on the paclitaxel-and rifampicin-mediated induction of MDR-1 (P-glycoprotein) in LS174T cells, by both Northern and Western blot analysis (Figure 1d and e). As with CYP3A4, ketoconazole inhibited induction of MDR-1 to basal levels.
These studies together indicated that ketoconazole inhibited paclitaxel-and rifampicin-induced transcriptional activation of CYP3A4 and MDR-1 genes in hepatocytes and LS174T colon cancer cell lines. Inhibition at the transcription level was associated with a decrease in protein levels by ketoconazole. Importantly, the inhibition by ketoconazole was close to the baseline (dimethylsulfoxide (DMSO) control), suggesting that ketoconazole may be an effective agent for simultaneously inhibiting biotransformation enzymes and transporters.
Ketoconazole inhibits activation of PXR and related adopted orphan NR but not that of ERa and PPARg Previous studies have shown that ketoconazole inhibits ligand-mediated activation of hPXR (Takeshita et al., 2002; Mani et al., 2005) . As rifampicin and paclitaxel are activating ligands of hPXR, and as hPXR coordinately regulates the transcription of both CYP3A4 and MDR-1, ketoconazole may act by inhibiting the activation of this receptor. To determine whether ketoconazole inhibited hPXR-mediated activation of CYP3A4 gene, transient transcription assays were carried out in CV-1 cells. Whereas rifampicin and paclitaxel activated hPXR, ketoconazole inhibited this activation to below basal levels ( Figure 2a) . Similarly, ketoconazole inhibited the pregnenolone 16 a-carbonitrile (PCN)-mediated activation of mouse PXR (Figure 2b ).
To determine if ketoconazole can inhibit the activation of other NRs, transient transfection assays were carried out in the same cell lines used for PXR experiments. First, the effect of ketoconazole was tested on mouse (m)CAR (Figure 2c ). CAR is known to be activated in its basal (unliganded) state (Wei et al., 2000; Figure 2c ). TCPOBOP, a known agonist of mCAR, further activated CAR (Figure 2c ). Ketoconazole inhibited both basal and TCPOBOP-mediated activation of mCAR. The levels of inhibition by ketoconazole were comparable to that observed by a-or b-androstenol, which is a known inverse agonist of mCAR ( Figure 2c ). We found similar results for phenobarbitalactivated hCAR (data not shown).
The effect of ketoconazole was also tested on a related NR FXR. FXR can crosstalk with PXR and CAR and also serves to regulate both lipid and bile acid metabolism (Gnerre et al., 2004) . Unlike CAR, FXR is basally repressed and it is activated by chenodeoxycholic Figure 3 Inhibition by ketoconazole is mediated by disruption of xenobiotic receptor's interaction with the co-activator SRC-1. Mammalian two-hybrid studies in (a) HepG2 and (b,c) CV-1 cells to study the interaction of NR with SRC-1 in the presence and absence of drug(s). (a) HepG2 cells were transfected with pairs of plasmids expressing the proteins as indicated in the graph and the luciferase activity was measured (* , **, Po0.0001; FL ¼ full length cDNA; RID ¼ receptor interacting domain; UAS G x 4 is upstream activating sequence of gal4 x 4); CV-1 cells were transfected with pairs of plasmids expressing protein as indicated in (b) (*Po0.0001) and (c), and luciferase activity was measured. All transfections were normalized for transfection efficiency using pSVb-galactosidase in the presence or absence of drug(s) as indicated (refer to Materials and methods). All experiments were carried out at least thrice in triplicate. Columns, mean; bars, s.e.m. acid (secondary bile acid) but not lithocholic acid (another bile acid by-product) (Figure 2d ). We found that ketoconazole inhibited chenodeoxycholic-induced GAL4DB-FXR-mediated activation to the basal level ( Figure 2d ).
We also tested the effect of ketoconazole on activation of both GAL4DB fusions of LXRa and b isoforms. T0901317, a known chemical agonist of LXRa and b, activated GAL4DB-LXR 14-and 6.7-fold, respectively. Ketoconazole inhibited T0901317-induced LXRa-and b-mediated activation (Figure 2e) .
The receptors tested above are involved in xenobiotic or bile acid metabolism. As examples of receptors not directly implicated in xenobiotic or bile acid metabolism, we tested the effect of ketoconazole on other receptors, peroxisome proliferator-activated receptor (PPAR)g and estrogen receptor (ER)a activation, involved in lipid homeostasis and estrogen signaling, respectively. Ketoconazole had no effect on either PPARg or ERa activation in CV-1 cells (Figure 2g ).
All these results indicated that although ketoconazole uniformly inhibited the ligand-mediated activation of adopted orphan NRs involved in xenobiotic or bile acid metabolism, it had no effect on other NRs such as PPARg or ERa. By contrast, ketoconazole alone exhibited variable effects (increase, decrease, no effect) on unliganded receptors.
Ketoconazole disrupts ligand-mediated binding of NR to co-activator (SRC-1) in vivo It has been demonstrated that corticosteroid-mediated hPXR interaction with co-activator (SRC-1) is disrupted by ketoconazole (Takeshita et al., 2002) . To determine whether ketoconazole can disrupt the rifampicin-and paclitaxel-induced binding of hPXR to SRC-1, we performed mammalian two-hybrid experiments (Figure 3) . We found that both rifampicin and paclitaxel augmented the interaction of GAL4DB-SRC-1 with VP16-hPXR (full length) (Figure 3a) . Ketoconazole significantly inhibited rifampicin-and paclitaxelmediated interaction of SRC-1 and full-length hPXR (Figure 3a) .
We also tested the interaction of GAL4DB-SRC-1-RID with VP16-FXR in the presence and absence of ketoconazole, using the mammalian two-hybrid system ( Figure 3b ). As reported before ( (Fujino et al., 2003) , in vitro k d ¼ 36.2 mM), we found that FXR does not interact strongly with SRC-1 in the absence of its ligand (Figure 3b) . Although FXR did not show interaction with SRC-1, addition of chenodeoxycholic acid dramatically augmented SRC-1 and FXR interaction, which was inhibited by ketoconazole.
SRC-1 is a known activator of ERa (Lee et al., 2002; Bourdoncle et al., 2005) . Therefore, we tested the effect of ketoconazole on interaction of SRC-1 with ERa. Ketoconazole did not inhibit the estrogen-mediated interaction of ERa with SRC-1 (Figure 3c ). These results are consistent with the lack of inhibition of ERamediated activation by ketoconazole. Together, the above results suggest that ketoconazole exhibits specificity in disrupting NR interaction with co-activator.
Ketoconazole disrupts the interaction of SRC-1 with hPXR-LBD in vitro To confirm the results of the mammalian two-hybrid system, we carried out in vitro CARLA (co-activatordependent receptor ligand assay) to determine the effect of ketoconazole. We found that both rifampicin and paclitaxel (as compared with DMSO) significantly augmented the interaction of SRC-1 with hPXR in these assays (Figure 4a and b) . However, ketoconazole inhibited these interaction to basal levels ( Figure 4a and b, compare lane 6 to lanes 2 and 4). Ketoconazole alone did not significantly affect the basal level interaction of SRC-1 with hPXR ( Figure 4a and b, compare lanes 1 and 6). Furthermore, ketoconazole had no affect on binding of SRC-1 with ERa in the presence of estradiol (Figure 4c, lane 2 vs 3) . These results are consistent with and directly confirm the observations of our mammalian two-hybrid studies.
Ketoconazole does not affect RXR:PXR heterodimer formation, binding to DNA or ligand binding To rule out the involvement of other mechanisms mediating ketoconazole action, we tested the effect of ketoconazole on binding of hPXR:RXR complex to specific DNA containing DR-3 or ER-6 sequences. It is well established that only the hPXR heterodimer pair Ketoconazole, nuclear receptors and drug metabolism H Huang et al binds to DNA (Lehmann et al., 1998) . In the presence of ketoconazole, rifampicin or rifampicin combined with ketoconazole, the binding of hPXR:RXR to either DR-3 or ER-6 elements was unchanged (Figure 4d ). The binding specificity of hPXR:RXR to DR-3 and ER-6 could be efficiently competed for by the use of cold DR-3 or ER-6 oligo in a concentration-dependent manner (Figure 4d ). The DNA binding was unaffected even when the amount of hPXR:RXR was reduced (Figure 4d, right panel) . These studies demonstrated that ketoconazole has no effect on either PXR heterodimerization or its DNA binding activity in vitro.
We next tested the effect of ketoconazole on ligand binding by hPXR by using a scintillation proximity assay. In this assay, IC 50 was measured for inhibition of binding of [ 3 H]SR12813 to hPXR-LBD. For rifampicin, a known activating ligand of hPXR, the IC 50 was 8.8 mM. In contrast, for ketoconazole, the IC 50 was 74.4 mM. The K b (estimated using the Cheng-Prusoff equation) for rifampicin and ketoconazole were 6.3 and 55.3 mM, respectively. These data indicated that at biologically effective concentrations ranging from 6 to 25 mM, it was unlikely that ketoconazole was able to compete with ligands (e.g., rifampicin) for binding to ligand binding pocket of hPXR. These results suggested that ketoconazole might act outside this pocket or in another domain or site on PXR impinging on its activation after ligand was bound to the LBD.
Ketoconazole inhibits PXR-mediated loss of righting reflex in mice
The in vitro assays demonstrate that ketoconazole inhibits NR activation. To determine if PXR-mediated activation can be inhibited in vivo, we performed loss of righting reflex (LORR) studies in age-and sex-matched C57BL/6 mice. In this assay, the consequences of activating PXR can be studied using mice challenged with 2,2,2-tribromoethanol (Avertin) anesthesia, where the drug-induced change in duration of LORR acts as a phenotypic measure of PXR target gene activity and xenobiotic metabolism (Xie et al., 2001; Dussault et al., 2003; Mani et al., 2005) . We verified that the effects of ketoconazole were PXR-specific, by comparing wildtype ( þ / þ ) and PXR-null (À/À) mice.
In PXR wild-type female mice, PCN treatment induced a short duration of LORR (Figure 5a ). However, when ketoconazole was administered in combination with PCN, the LORR duration increased significantly (Figure 5a ). Similar results were obtained when paclitaxel was used as a PXR ligand (Figure 5b) .
In PXRÀ/À mice, PCN did not alter the duration of LORR, indicating that PXR is the key mediator of this effect in wild-type mice. Ketoconazole, either in the presence or absence of PCN, also had no effect on the duration of LORR in PXRÀ/À mice. These results indicated that ketoconazole effects are specific to PXR in vivo (Figure 5c ). In summary, the above studies indicated that ketoconazole can be used to inhibit PXRmediated drug metabolism in vivo.
Ketoconazole blocks PXR-mediated induction of cyp3a and mdr-1 in mice Cyp3a11 and mdr-1 are targets of PXR. We tested to determine whether the effect of ketoconazole on LORR was associated with inhibition of these genes. Northern analysis of mRNA isolated from livers of PXR ( þ / þ ) mice indicated that both cyp3a11 and mdr-1 genes were induced by PCN (Figure 6a ). Ketoconazole inhibited PCN-mediated induction of cyp3a11 and mdr-1 mRNA (Figure 6a, mouse #'s 10, 11, 12 vs 7, 8, 9 ). In PXR (À/À) animals, there was no significant induction or inhibition of cyp3a11 and mdr-1 mRNA levels with PCN or ketoconazole (Figure 6b ).
To further clarify the effect of ketoconazole on cyp3a and mdr-1 expression, equal amounts by weights of mouse livers (n ¼ 3) were pooled in each treatment category and subjected to Western blot analysis. PCN increased the expression of cyp3a (Figure 6c , lane 3 vs 1) and mdr-1 (Figure 6c , lane 3 vs 1) in PXR þ / þ mice but not in PXRÀ/À mice. When ketoconazole was administered with PCN, cyp3a (Figure 6c ; lane 4 vs 3) and mdr-1 (Figure 6c ; lane 4 vs 3) abundance decreased when compared to mice treated with PCN alone. These results clearly indicated that phenotypic effects of ketoconazole were associated with the protein expression of the cyp3a and mdr-1 genes. Overall, our studies are consistent with the hypothesis that ketoconazole is able to inhibit the ligand-mediated activation of PXR target genes and is associated with their physiological effects as demonstrated by the LORR assay.
Discussion
Ketoconazole is an antifungal drug with therapeutic efficacy in prostate cancer and other benign and malignant neoplastic conditions (e.g., cutaneous papillomatosis) (Yamamoto et al., 2000; Hamaguchi et al., 2002; Tzanakakis et al., 2002; Kanda and Watanabe, 2002b; Berthold et al., 2005) . Ketoconazole inhibits cytochrome P450-dependent enzyme 11-hydroxylase activity, which suppresses testosterone production leading to inhibition of testosterone-dependent prostate cancer cell growth (Loose et al, 1983) . Its pleiotropic inhibitory activity is evident from the fact that several P450-and non-P450-dependent enzymes (e.g., CYP3A4, UGT, aryl-hydrocarbon hydroxylase and 7-ethoxyresorufin-deethylase) are inhibited, as are other enzymes such as adenylate cyclase, 5-lipoxygenase or calmodulindependent enzymes (Beetens et al., 1986; Stalla et al., 1988; Dresser et al., 2000; Venkatakrishnan et al., 2000; Kanda and Watanabe, 2002b; Yong et al., 2005) . However, ketoconazole is less well established as a transcriptional regulator of genes involved in drug or cholesterol metabolism and cyclic adenosine 3 0 ,5 0 monophosphate signaling (Takagi et al., 1989; Kim, 1992; Ellsworth et al., 1994; Kanda and Watanabe, 2002a, b) . For example, ketoconazole activated lowdensity lipoprotein receptor and microsomal epoxide hydrolase gene transcription by affecting its promoter Ketoconazole, nuclear receptors and drug metabolism H Huang et al activity (Kim, 1992) . More recently, it was demonstrated that ketoconazole inhibited corticosterone-mediated PXR-driven promoter activity by affecting both corepressor and co-activator interactions with this adopted orphan NR (Takeshita et al., 2002) . However, our study establishes, for the first time, that ketoconazole is a potent transcriptional inhibitor when present in the context of ligands or xenobiotics that activate multiple NRs. Our study demonstrates that ketoconazole inhibited the ligand-induced activation of PXR, FXR, LXR and MDR-1 but not that of ERa and PPARg.
Intriguingly, the receptors that are affected by ketoconazole are phylogenetically related and all are involved in xenobiotic metabolism indicating that perhaps there is subclass specificity with which ketoconazole mediates its activity. Furthermore, we have demonstrated that ketoconazole action does not involve disruption of Figure 5 ) and their livers pooled for protein isolation as published previously (Matheny et al, 2004) . (c) Immunoblot analysis of the pooled samples from PXR þ / þ and PXRÀ/À animals treated with the drug. Each lane represents 'pooled' samples of equal amount by weight of livers used in Figure 7c . For example, the corn oil lane represents equal weight liver samples from mouse #'s 1-3 pooled, protein lysate extracted, then subjected to Western blot analysis.
Ketoconazole, nuclear receptors and drug metabolism H Huang et al heterodimer formation or DNA binding. In addition, our study suggests that ketoconazole is unlikely to compete for ligand binding given that its in vitro estimated IC 50 (74.4 mM) and K b (55.3 mM) are several fold higher than the concentrations (6-25 mM) required to inhibit hPXR transcriptional activity and subsequent biologic effects. Thus, our studies establish that the inhibitory action of ketoconazole is completely correlated to its ability to disrupt receptor-co-activator interaction. Our studies for the first time demonstrate that ketoconazole inhibited PXR-dependent 2,2,2-tribromoethanol metabolism in mice, which is associated with reduced cyp3a and mdr-1 transcript and protein levels in the liver. Together, our studies have established the effect of ketoconazole as an inhibitor of PXR-and other NR-mediated transcription in vitro and in vivo.
Although the impact of ketoconazole on liganded hPXR is consistently inhibitory in multiple assays, cell lines and systems tested, in some cases, we observed a slight activation or repression of basal (no ligand present) PXR transcription activity. Basal activation of hPXR by ketoconazole could be owing to its ability to disrupt co-repressor, SMRT, binding to hPXR (Takeshita et al., 2002; Johnson et al., 2006) . Using a two-hybrid assay, we have generated similar data that suggest that ketoconazole also inhibits SMRT binding to hPXR (data not shown). Additionally, as multiple co-activator complexes have been described that bind to hPXR (e.g., PGC-1, HNF4), it is possible that ketoconazole may also disrupt their binding (Bhalla et al., 2004; Albers et al., 2005; Li and Chiang, 2005) . Therefore, the net effect of ketoconazole may be such that it interferes with multiple hPXR-co-regulator complexes with the net dominant dynamic inhibition of co-activator binding (Sohn et al., 2003) . Studies are ongoing in our laboratory to further refine the spectra of protein-protein interactions disrupted by ketoconazole in the context of an activating ligand to multiple orphan receptors.
Our results illustrating the CYP3A4 and MDR-1 mRNA and protein expression levels in multiple cell lines tested uniformly demonstrate that ketoconazole inhibits its expression to near basal levels at concentrations of 25 mM when present with an agonist of PXR. This reduction to baseline level is highly significant in that these results indicate that ketoconazole may be able to prevent the aberrant and unnecessary activation of genes involved in metabolism by xenobiotics. In fact, our mouse studies are consistent with this hypothesis.
Based on all our data, we propose a model for ketoconazole action. Following evidence lends support to our model. First, we find that ketoconazole inhibits ligand activated hPXR. Second, ketoconazole disrupts the interaction of liganded hPXR with co-activator. Third, biologically effective concentrations of ketoconazole are unlikely to disrupt ligand binding to PXR. Fourth, ketoconazole does not affect the DNA binding or dimerization of hPXR. Based on these observations, we have developed two working models to explain the molecular mechanism of inhibition by ketoconazole. In one model, ligand binding alters the conformation of the NR, which then recruits or facilitates SRC-1 binding. Ketoconazole binds to hPXR at a site distinct from the ligand binding pocket and allosterically modifies hPXR structure such that SRC-1 is unable to bind to it. In the second model, ketoconazole binds to distinct site(s) on hPXR, which are induced upon binding of ligand (agonist) to the receptor, which in turn prevents the binding of SRC-1 to the receptor (Figure 7) . Further studies are ongoing in our laboratory to distinguish between these models and to elucidate the mechanisms of action and binding of ketoconazole to activated hPXR and CAR.
Materials and methods

Plasmids and reagents See Supplementary Information (under Materials and methods).
Cell culture HepG2 cells (ATCC, Manassas, VA, USA) were maintained in RPMI 1640 supplemented with 10% fetal bovine serum (FBS); only passage 4 was used for transfection. CV-1 and LS174 (both from ATCC, Manassas, VA, USA) were maintained in minimum essential medium supplemented with 10% FBS. Where indicated, the media were supplemented with charcoal adsorbed FBS (Hyclone, Logan, UT, USA). Human hepatocyte(s) were purchased from In Vitro Technologies Inc. (Baltimore, MD, USA) and maintained in InVitroGrow HI medium. 
